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FIGURE 1 RGG-5A GYRO 



THE DEVELOPMENT OF AN ALEPNEUMATIC 

WIDE ANGLE FREE GYROSCOPE 

By W .  H.  Henley 
Conductron Corporation 

SUMMARY 

In  t h i s  program, two all-pneumatic free gyroscopes were designed, 
constructed,  and delivered t o  t h e  National Aeronautics and Space Adminis- 
t r a t i o n .  
react ion-jet  r o t o r  s p i n  motors , wide angle two-axis f l u i d i c  p ickoffs ,  and 
f l u i d i c  main and b i a s  to rquers .  

These gyroscopes incorporated wide angle gas bearing supports,  

The two delivered u n i t s  were subjected t o  a thorough t e s t  program t o  
evaluate t h e i r  performance r e l a t i v e  t o  t h e  following work statement goals: 

1. 
2.  
3. 
4 .  
5 .  

0.5 t o  1 . 0  degree/hour d r i f t .  
Plus  o r  minus 15  degree operating freedom. 
Erection alignment c a p a b i l i t y  of 2 t o  3 arc-minutes. 
Spin-up and alignment time of 5 t o  10  minutes. 
Maximum precession c a p a b i l i t y  of to rquer ,  30 degrees/minute. 

INTRODUCTION 

The purpose of t h e  program covered by t h i s  r e p o r t  was t o  design, 
cons t ruc t ,  and evaluate  an all-pneumatic, free gyroscope. 
goals spec i f ied  were derived from t h e  general  requirements f o r  t h e  secon- 
dary strap-down a t t i t u d e  reference f o r  space probe vehicles  of t h e  Lunar 
Orbi ter  class. The b a s i c  design concepts f o r  t h e  new component elements 
of such a device were invest igated under a previous National Aeronautics 
and Space Administration cont rac t ,  NAS1-6533, and shown t o  be f eas ib l e .  
The present  program expanded on those  concepts and integrated a l l  of t h e  
component elements i n t o  a complete gyro package, Figure 1. Two u n i t s  of 
t h i s  design were b u i l t ,  t e s t e d ,  and delivered t o  NASA. 

The performance 

F l u i d i c  guidance and cont ro l  systems p o t e n t i a l l y  o f f e r  a number of 
advantages, including low c o s t ,  ruggedness, s t e r i l i z a b i l i t y ,  and t h e  
a b i l i t y  t o  survive and operate i n  severe thermal and r a d i a t i o n  environ- 
ments. For t h i s  reason, a number of f l u i d i c  i n e r t i a l  reference devices 
have been designed and b u i l t  by various organizat ions.  
however, is t h e  first f l u i d i c  u n i t  t o  demonstrate 1 degree/hour t o t a l  
d r i f t  r a t e  performance over a narrow angular range, and t o  provide a l l  
gyro functions,  including torquing, over a St 15 degree angular range. 

The present  gyro, 



The writer wishes t o  acknowledge the v i t a l  p a r t  played i n  t h e  program 
by h i s  colleagues a t  Conductron Corporation, p a r t i c u l a r l y  Messrs. P h i l i p  A. 
Christopher, W i l l i a m  J. Gross, and Burton D. Swirsky.  

GYRO DESIGN 

The RGG-5A Gyro is a two-degree-of-freedom device i n  which a l l  of  
t h e  conventional functions of  r o t o r  support ,  spin-up, p o s i t i o n  p ickoff ,  
and torquing are performed pneumatically. 
Figure 2,  t h e  r o t o r  is supported on a c e n t r a l  spher ica l  hydros ta t ic  a i r  
bearing and spun-up, lawn spr inkler - l ike ,  by a p a i r  of reac t ion  je ts .  
r o t o r  is precessed on demand by je ts  of a i r  impinging on i ts  ex terna l  
sur face .  
separa te  t h i n  s l o t s  i n  t h e  sur face  of a spher ica l  cav i ty .  
on t h e  s p i n  ax i s  o f  t h e  r o t o r  f i ts  closely i n  t h i s  cavi ty  and blocks t h e  
s l o t s  d i f f e r e n t i a l l y ,  depending on t h e  r o t o r  angular pos i t ion .  Four small 
holes  on axes ro ta ted  45 degrees from t h e  axes of t h e  s l o t s  operate  i n  t h e  
same way t o  provide higher gain output s igna l s  around t h e  r o t o r  n u l l  
pos i t ion .  Two windows i n  t h e  case provide an independent v i s u a l  ind ica t ion  
of r o t o r  a t t i t u d e  and, by means of markings on t h e  r o t o r ,  allow r o t o r  speed 
determination by a strobo-tach. 
d r i c a l  case 2-1/2 inches i n  diameter by 3-5/8 inches long, a s  shown i n  
Figure 3. 
components is discussed a t  g rea t e r  length i n  t h e  following sec t ions .  
design parameters o f  t h e  assembly are summarized i n  Table 1 below. 

A s  shown schematically i n  

The 

The pneumatic w i d e  angle pickoff  capabi l i ty  is provided by four  
A protuberance 

These components are packaged i n  a cylin- 

The design and func t iona l  c h a r a c t e r i s t i c s  of each of  t h e s e  
The 

TABLE 1 

Gyro Parameters 

2 Rotor Polar  Moment of I n e r t i a  - 2.13 x in-lb-sec 

Rotor Operating Speed - 
Rotor Angular Momentum - 
Wide Angle Pickoff Gain - 4.2 x psid/deg 

Torquer Scale Factor  - 
Calculated Gas Comsumption 

A i r  Bearing Supply Pressure - 40 p s i g  

Spin Pressure - 26 p s i g  

20,000 rpm 

4.46 x 10-I in-lb-sec 

2.2 x l o 4  deg/minute/psig/rpm-l 

( to rquers  o f f )  - 1.0  scfm 
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Wide Angle A i r  Bearing 

One of t h e  objec t ives  of  t h e  design of t h e  RGG-5A Gyro is a f 15 
degree The design technique employed is 
t o  u t i l i z e  an i so to r s iona l  bear ing geometry, as described i n  de t a i l  i n  
Reference 1, cons is t ing  of sphe r i ca l  bear ing bands on t h e  s t a t o r ,  bounded 
by l a t i t u d e  circles symmetrically located about t h e  s t a t o r  equator and 
enveloped by a sphe r i ca l  cav i ty  i n  t h e  r o t o r  which overhangs these  bands 
by more than 15 degrees,  so t h a t  t h e  r o t o r  experiences no inherent  self- 
a l ign ing  torque regard less  of i t s  o r i en ta t ion .  
band is supplied with pressurized a i r  v ia  twelve f ixed r e s t r i c t o r s  
equally spaced along a circle p a r a l l e l  t o  t h e  band boundaries,  whose 
l a t i t u d e  angle is selected t o  provide an i s o e l a s t i c  suspension. I n  order  
t o  minimize tu rb ine  torques due t o  asymmetrical flow p a t t e r n s  within t h e  
a i r  bear ing,  a novel construct ion was adopted f o r  t h e  bear ing r e s t r i c t o r s .  
As shown i n  t h e  sketch below, t h e  primary flow r e s t r i c t i o n  is a commer- 
c i a l  .0031 inch I.D. syn the t i c  ruby r i n g  jewel. The flow then passes 
through a f i n e  f i l t e r  paper with t h e  objec t  of breaking up t h e  high 
ve loc i ty  j e t  from t h e  primary r e s t r i c t o r  and d i f f u s i n g  t h e  flow so t h a t  
t h e  pressure  a t  t h e  bearing sur face  is  subs t an t i a l ly  equal everywhere 
within t h e  recess  feeding t h e  bearing. 

angular excursion of t h e  r o t o r .  

Each sphe r i ca l  bear ing 

OR1 FICE 

RET A I NER 

AIR BEARING RESTRICTOR DESIGN 

The design radial  c learance between t h e  r o t o r  and s t a t o r  is .0003 
inch , providing a r e l a t i v e l y  st iff  bear ing,  but necess i t a t ing  c lose  
con t ro l  on poss ib le  p a r t i c l e  contaminants. 
buil t-up r e s t r i c t o r  configurat ion described above is t h e  p ro tec t ion  
afforded by t h e  f i l t e r  element i n  each r e s t r i c t o r ,  which prevents  any 
p a r t i c l e s  from e x i t i n g  t h e  bear ing supply system d i r e c t l y  i n t o  t h e  bear ing 
gap * 

A c l e a r  advantage of t h e  

5 



Torquers 

The RGG5A Gyro, as shown schematically i n  Figure 2 ,  has two s i z e s  
of torquers;  one set f o r  precessing t h e  r o t o r  a t  a commanded ra te  up t o  
30 degrees/minute, and t h e  o the r  set  t o  provide constant b i a s  torques 
t o  t h e  r o t o r  t o  overcome systematic drift-producing torques p re sen t  i n  
t h e  u n i t .  
experimental r e s u l t s  obtained i n  t h e  f e a s i b i l i t y  program reported i n  
Reference 1. 
j e t s  of a i r  approximately t a n g e n t i a l l y  t o  t h e  surface o f  t h e  r o t o r  per- 
pendicular t o  t h e  r o t o r  equator. 
r o t o r  is exercised by: 
pressure;  and 
t o  be ac t iva t ed .  

The s i z i n g  and d e t a i l  design of t h e  to rque r s  is based on t h e  

Essen t i a l ly ,  torquing o f  t h e  r o t o r  is achieved by d i r e c t i n g  

Control o f  t h e  torque exerted on t h e  
a)  s i z e  of t h e  torquer  nozzle;  b )  applied 

c) s e l e c t i o n  o f  t h e  to rque r ,  o r  combination o f  t o rque r s ,  

Torquer s i z i n g  calculations.--The design c r i te r ia  f o r  t h e  to rque r s  
was selected a s  achievement o f  a r o t o r  precession r a t e  of 30 degrees/ 
minute, o r  8.73 x 
The angular momentum, H ,  of t h e  r o t o r  a t  t h e  design speed o f  20,000 rpm 
was calculated t o  be equal t o  0.446 in-lb second. 
required o f  t h e  to rque r  was found by s u b s t i t u t i n g  t h e  given values f o r  
H and 6 , t h e  r o t o r  precession r a t e ,  i n t o  t h e  scalar gyroscopic rela- 
t ion: 

radians/second, it an applied pressure o f  30 ps ig .  

The torque,  T ,  

T = H i  

Tmax = (4.46 x lom1) (8.73 x = 3.89 x lom3 lb-in.  ( 2 )  

From Reference 1, t h e  weight flow, G , required,  f o r  a 20 degree incl ina-  
t i o n  of t he  j e t ,  can be found from tge  equation: 

T g  
'j = - .42 V r  cos 20' ( 3 )  

where g is t h e  acce le ra t ion  due t o  g rav i ty ,  386 in/sec2; V is t h e  j e t  
ve loc i ty ,  1.32 x 104 in/sec f o r  son ic  flow; 
.75 inches. 
t o rque r  j e t  flow is found: 

r is t h e  j e t  r ad ius ,  
Subs t i t u t ing  numerical values i n  Equation (3 ) ,  the  required 

ijj - - (3.89 x (386) = 3.84 x lb / sec  (4) 
(0.42) (1.32 x lo4 )  (0.75) (.9397) 

6 



The torquer  s i z i n g  can now be es tab l i shed .  
sonic  flow can be wri t ten:  

The standard equation f o r  

where A 1  is 
coe f f i c i en t  ; 
t u r e  of t h e  a 

t h e  torquer  j e t  area, inches 2 ; CD is t h e  discharge 
P t  is t h e  applied pressure,  ps ia ;  and S t  is t h e  tempera- 

ir, degrees Rankine. Rearranging: 

- Gj 6 
- 

,532 CD P t  

The torquer  ins ide  diameter, D 1 ,  is then: 

D 1  = .024 inches 

The b ias  to rquers  can be s ized  by t h e  same procedure. 
torquer  s i z i n g  a l so  can be found by d i r e c t  r a t i o  t o  t h a t  of t h e  main 
torquers .  
t o  precess t h e  r o t o r  30 degrees/hour a t  30 p s i g ,  t h e  flow area required 
is 1/60 of t h a t  required by t h e  main torquers ,  s o  t h e  a rea ,  A2, and 
diameter, D2, are:  

However, t h e  b i a s  

Assuming a maximum value of  b i a s  torque equal t o  t h a t  required 

A 2  = 4.52 x 10' 4/60 = 7.53 x 10-6 in2 

D2 = .003 inches 

Because of tubing s i z e  l imi t a t ions ,  it was necessary t o  select an a c t u a l  
diameter , D2 -= ,004 inches,  providing a design b i a s  torquer  c a p a b i l i t y  , 
TB, a t  30 p s i g  of: 

1 004 TB = 30 x 60 x (-&-) = 50 degrees/hour 

7 
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Pickof f s 

Two sets of p i ckof f s  are provided on t h e  RGG5A Gyro; a set of wide 
angle p i ckof f s  with a l i n e a r  range o f f  15 degrees,  and a set  o f  f i n e  
pickoffs  with a high gain around n u l l .  These p i ckof f s  are e s s e n t i a l l y  
pneumatic pressure d i v i d e r s ,  each cons i s t ing  of a f ixed first r e s i s t a n c e  
i n  series with a va r i ab le  second r e s i s t a n c e  whose value is es t ab l i shed  
by r o t o r  pos i t i on .  
t h e  fixed r e s i s t a n c e ,  and t h e  pickoff  output p re s su re  is taken o f f  
between t h e  two r e s i s t ances  s o  t h a t  i ts  value inc reases  as t h e  downstream 
va r i ab le  r e s i s t a n c e  increases .  

A regulated input  pressure is  applied upstream o f  

The va r i ab le  r e s i s t a n c e  c o n s i s t s  of an  opening i n  a concave spher- 
i c a l  s h e l l ,  c lo se ly  concentric t o  a mushroom-shaped p ro t rus ion  along 
t h e  sp in  a x i s  o f  t h e  r o t o r ,  Figure 2 ,  and aligned with t h e  r o t o r  s o  t h a t  
t h e  flow a r e a  of t h e  v a r i a b l e  r e s i s t a n c e  is defined by t h a t  p a r t  o f t h e  
opening not covered by t h e  r o t o r .  A s  the r o t o r  moves t o  c l o s e  o f f  t h e  
opening, i ts  r e s i s t a n c e  inc reases ,  due t o  increased flow blockage; and 
t h e  output pressure rises proport ionately.  
employed f o r  each s e n s i t i v e  a x i s ,  one on each s i d e  of t h e  r o t o r ,  s o  t h a t  
one output pressure rises while t h e  o the r  f a l l s  i n  response t o  r o t o r  
movement. 
r o t o r  p o s i t i o n  ind ica t ion .  

Two such p i ckof f s  are 

The d i f f e r e n t i a l  pressure between t h e s e  two provides t h e  

The va r i ab le  r e s i s t a n c e  elements employed i n  t h e  wide angle pick- 
o f f s  are long, t h i n  s l i ts ,  as shown schematically i n  Figure 4 .  
t h e s e  p i ckof f s  a t  90 degrees t o  each o the r  provide complete two-axis 
information on t h e  r o t o r  angular p o s i t i o n  over t h e  range o f f  15 degrees. 
The f i n e  pickoff  va r i ab le  r e s i s t a n c e  elements are small  diameter holes  
l y i n g  on axes 45 degrees displaced from t h e  w i d e  angle  p i ckof f s ,  and 
located s o  t h a t  h a l f  of t h e  hole  is covered by t h e  r o t o r  a t  i ts n u l l  
p o s i t i o n .  Because of t h e i r  smaller s i z e  and t h e i r  intended use  during t h e  
closed-loop e r e c t i o n  mode only,  t h e  supply p re s su re  t o  t h e  f i n e  p i ckof f s  
can be higher  without c r e a t i n g  unacceptable coercive torques on t h e  r o t o r .  
The small r o t o r  angular excursion required t o  t r a v e r s e  t h e  f u l l  range o f  
t h e s e  va r i ab le  r e s i s t a n c e  elements from open t o  closed, combined with t h e  
higher supply p re s su re  allowable,  provide t h e  p o t e n t i a l  o f  r e so lv ing  
r o t o r  angular p o s i t i o n  a t  n u l l  with extreme s e n s i t i v i t y .  
r e so lu t ion  is not required t o  meet t h e  p re sen t  goals ,  b u t  was included 
t o  f a c i l i t a t e  implementation of a sepa ra t e  closed-loop r o t o r  e r e c t i o n  
system. 

Four of 

This degree o f  

Windows 

A unique f e a t u r e  o f  t h e  design of t h e  RGG-ZA Gyroscope is 
t h e  provis ion of two p l a s t i c  windows i n  t h e  case, which allow d i r e c t  
v i s u a l  observation o f  t h e  r o t o r  during operat ion.  These two windows are 
set  a t  90 degrees t o  each o the r ,  so  as t o  coincide with t h e  wide angle  
pickoff  axes and are located d i r e c t l y  over t h e  cen te r  of r o t a t i o n  o f  t h e  
r o t o r .  

9 



FIGURE 5 RGG-5A GYRO 
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The a t t i t u d e  of t h e  r o t o r  can be monitored by comparing t h e  p o s i t i o n  
of bands marked on t h e  r o t o r ,  Figures 5 and 6 ,  with a l i n e  scr ibed on 
t h e  window a t  t h e  nul led equator loca t ion .  
somewhat less than 180 degrees around t h e  r o t o r  circumference, they can 
most r e a d i l y  be observed during high-speed operat ion by using a strobo- 
scope, which a l s o  provides t h e  means o f  r o t o r  speed determination. 

Since t h e s e  bands extend 

FIGURE 6 - R G G S A  GYRO ROTOR 

TEST PROCEDURES AND RESULTS 

Rotor-Stator Tests  

P r i o r  t o  t h e  f i n a l  assembly of  t h e  r o t o r - s t a t o r  assembly, t h e  
bearing supply o r i f i c e s  i n  t h e  s t a t o r  assembly were subjected t o  s e v e r a l  
flow tests. Each individual  r e s t r i c t o r  was flow checked, and s e t s  of 
r e s t r i c t o r s  matched w i t h i n f l p e r c e n t  were se lec ted  f o r  use i n  a given 
s t a t o r .  
with t h e i r  f i l t e r  discs,  t h e  ind iv idua l  flows were checked aga ins t  each 
o ther  again.  The flows i n  t h e  as - ins ta l led  condi t ion v a r i e d  by a s  much 
as f 20 percent .  
down t o  about f 10  percent .  

After t h e  r e s t r i c t o r s  were inser ted  i n  t h e  s t a t o r ,  toge ther  

Repeated u l t r a s o n i c  cleaning brought t h e  divergence 

11 



The r o t o r s  were then assembled on t h e  s t a t o r  assemblies,  and each 
r o t o r  was dynamically balanced on its own gas bear ing t o  an estimated 
20 micro ounce-inches. The a x i a l  s t a t i c  unbalance was next determined 
by o r i en t ing  t h e  ro to r - s t a to r  assembly with its s p i n  a x i s  ho r i zon ta l  and 
observing t h e  ra te  and d i r e c t i o n  of its precession i n  %he hor i zon ta l  
plane by means of a laser-beam reflected o f f  t h e  f l a t  s i d e  of t h e  r o t o r .  
A stator-connected d r i f t  rate was observed t o  be present  i n  both ro tor -  
s t a t o r  assemblies.  This e f f e c t  on t h e  s t a t i c  balancing procedure was 
minimized by r o t a t i n g  t h e  s t a t o r  by t r i a l  and e r r o r  u n t i l  t h e  s t a t o r -  
connected d r i f t  was predominantly i n  a v e r t i c a l  plane,  and t h e  s t a t i c  
balance was then  completed. 
d i r e c t i o n  and ra te  of t h e  stator-connected d r i f t  var ied with t h e  r o t o r  
angular a t t i t u d e .  

It was q u a l i t a t i v e l y  observed t h a t  t h e  

Gyro Test Setup 

The gyro assemblies were set  up and tested on a p rec i s ion  two-axis 
ro t a ry  t a b l e ,  Figure 7 ,  which allows a f u l l  360 degrees of r o t a t i o n a l  
freedom about an a x i s  which, i n  t u r n ,  can be ro t a t ed  from v e r t i c a l  t o  
ho r i zon ta l  about an east-west or ien ted  t runnion.  Individual  pressure  
r egu la to r s  cont ro l led  t h e  pressures  t o  t h e  gyro bear ing support ,  t h e  
r o t o r  sp in  j e t s  , t h e  w i d e  angle pickoff  supply , t h e  f i n e  pickoff  supply , 
each opposing p a i r  of t o rque r s ,  and each b i a s  to rquer .  The wide  angle 
pickoff  d i f f e r e n t i a l  output pressures  were read on water-f i l led U-tube 
manometers, t h e  f i n e  pickoff  d i f f e r e n t i a l  output pressures  on mercury- 
f i l l e d  U-tube manometers, and t h e  regulated supply pressures  read on 
d i r e c t  reading pressure  gauges. 
f l e x i b l e  l i n e s  were employed t o  connect t h e  gyro on t h e  t es t  t a b l e  with 
t h e  t es t  bay. 

Tygon supply and instrumentat ion 

FIGURE 7 - 'JEST SE'I'UP 
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Sp in-up Tes ts  

Several  t e s t  runs were made t o  determine t h e  s ta r t -up  t i m e  required 
by t h e  gyro.  
RGG-5A, t h e  r o t o r  was kept manually aligned during spin-up by t h e  t es t  
operator ,  who monitored r o t o r  angular pos i t ion  on t h e  pneumatic pick- 
o f f s  and applied t h e  pneumatic to rquers  as required.  Bearing pressure 
was applied t o  achieve r o t o r  l i f t - o f f ,  followed by appl ica t ion  of s p i n  
pressure.  
t h e  r o t o r  markings through a case window. 
s tar t -up is presented i n  Figure 8 .  

Since t h e r e  is no mechanical caging means provided i n  t h e  

Rotor speed was determined by stroboscopic observation of 
The time h i s t o r y  of  a t y p i c a l  

Elapsed Time - Minutes 

FIGURE 8 - START UP TIME HISTORY 
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Wide Angle Pickoff  

The w i d e  angle  p ickoff  output pressure  c h a r a c t e r i s t i c s  were 
determined over a range of & 1 4  degrees of case-to-rotor r e l a t i v e  angular 
de f l ec t ion  about each of t h e  two s e n s i t i v e  axes. 
s u r e  of 1 p s i g  was used i n  a l l  runs.  The b i a s  t o rque r s  were adjusted 
by t r i a l  and e r r o r  t o  provide a minimum d r i f t  ra te  condi t ion.  
pickoff  axes were squared-up with t h e  t a b l e  t runnion a x i s  by r o t a t i n g  
t h e  t a b l e  through small  increments about t h e  nominal zero s e t t i n g  and 
then  e l eva t ing  t h e  t a b l e  and gyro by means of  t h e  t runnion a x i s  handwheel 
u n t i l  a t a b l e  s e t t i n g  was found a t  which only one pickoff  output manom- 
e t e r  responded t o  t h e  movement. 
consis ted of precessing t h e  r o t o r  t o  its zero-zero p o s i t i o n ,  a s  shown by 
t h e  wide angle  pickoff  output manometers; t i l t i n g  t h e  case by e l eva t ing  
t h e  t a b l e  about t h e  ho r i zon ta l  t runnion a x i s  through t h e  des i red  angle;  
reading t h e  corresponding output pressure  d i f f e r e n t i a l  on its manometer; 
then  r e tu rn ing  t h e  t a b l e  t o  i ts  i n i t i a l  s e t t i n g  and observing t h e  
r e s i d u a l  manometer reading,  i f  any, corresponding t o  t h e  d r i f t  accumu- 
l a t e d  during t h e  run. 
was covered using t h i s  procedure, and then t h e  t a b l e  was ro t a t ed  90 
degrees about t h e  t a b l e  a x i s  and t h e  procedure was repeated t o  obta in  
t h e  c a l i b r a t i o n  about t h e  second pickoff  a x i s .  The r e s u l t i n g  pickoff  
c a l i b r a t i o n s  a r e  .presented i n  Figure 9 f o r  S e r i a l  No. 1, and Figure 10  
f o r  S e r i a l  No. 2. 
q u i t e  l i n e a r  up t o  about f 10 degrees,  with t h e  gain t y p i c a l l y  f a l l i n g  
o f f  a t  higher  angular de f l ec t ions .  The pickoff  gain averaged 1.05 i n .  H20 
(.038 psid) /degree f o r  t h e  S e r i a l  No. 1 gyro, and 1.28 i n .  H20 ( .046 
psid) /degree f o r  Ser ia l  No. 2. Pickoff  coercive torques were not measured. 

A pickoff  supply pres- 

The 

The pickoff  c a l i b r a t i o n  procedure 

A range o f f  14 degrees by one-degree increments 

The input-output c h a r a c t e r i s t i c s  of t h e  p i ckof f s  a r e  

Fine Pickoff  

The output c h a r a c t e r i s t i c s  of t h e  f i n e  pickoff  i n  S e r i a l  No. 1 were 
a l s o  determined experimentally.  
mercury was used; t h e  r e s u l t i n g  output pressure  d i f f e r e n t i a l  is  shown i n  
Figure 11, p lo t t ed  aga ins t  case-to-rotor de f l ec t ion  about each of t h e  two 
s e n s i t i v e  axes.  
shown a s  dashed l i n e s  f a i r e d  i n t o  t h e  a c t u a l  c h a r a c t e r i s t i c s ,  shown 
s o l i d .  

A supply pressure  of  20 inches of  

The nominal l i n e a r  c h a r a c t e r i s t i c s  of t h e  p ickoffs  are 

The f i n e  pickoff  i n  S e r i a l  No.2 was inopera t ive  and was not  tes ted.  

The l i nea r i zed  pickoff  c h a r a c t e r i s t i c s  exh ib i t  a gain of  about 
1 2  inches of  mercury (5.9 psid) /degree over a region about 0.5 degrees 
w i d e  and s a t u r a t e  beyond t h i s  region.  
sharply i n  t h e  operat ing region,  with two d i s t i n c t  s lopes .  
i s t i c  curves a r e  biased away f rom symmetry about t h e  zero pressure  
d i f f e r e n t i a l  po in t ,  and they i n t e r s e c t  a t  a poin t  o f f  t h e  n u l l  defined 
by t h e  wide  angle  p i ckof f s .  
with t h e  asymmetry of t h e  c h a r a c t e r i s t i c s  about t h e  zero poin t  r e s u l t  i n  
a zero po in t  defined by these  p ickoffs  which l ies about 0.08 degrees 
away from t h e  nominal and is i n  a region of  lower gain (about 6 inches 
of  mercury, o r  2.9 psid/degree).  

The a c t u a l  c h a r a c t e r i s t i c s  break 
The character-  

The combination of  nonl inear  c h a r a c t e r i s t i c s  
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Torquers 

Approximate c a l i b r a t i o n s  of precession rate vs.  input  pressure  were 
Due t o  l i m i t a t i o n s  of  t h e  made on t h e  gyro to rque r s ,  Figures 1 2  and 13. 

t es t  se tup ,  t h e  input  pressure  was measured a t  t h e  common supply t o  a 
toggle  valve between two opposing torquers  upstream of about 4 feet o f  
1/8 inch Tygon tubing ,  s o  t h e  pressure  drops due t o  t h e s e  components are 
included i n  t h e  input pressure  values shown. 

I n  t h e  c a l i b r a t i o n  procedure, t h e  r o t o r  was first precessed t o  zero 
t h e  pickoff  output manometers; then ,  with t h e  to rque r  s e l e c t o r  t ogg le  
valves c losed ,  t h e  torquer  supply pressure  was p r e s e t  t o  t h e  d e s i r e d  
value.  The proper togg le  valve was then f l ipped  open, a c t i v a t i n g  t h e  
to rque r ,  while simultaneously a stopwatch was s tar ted.  
precessed t h e  r o t o r ,  t h e  t a b l e  was t i l t e d  about its hor i zon ta l  t runnion 
a x i s  s o  as t o  keep t h e  pickoff  manometers a t  zero ,  t h u s  providing a 
case r o t a t i o n  ra te  equal  t o  t h e  r o t o r  precession rate.  
se lec ted  t ime i n t e r v a l ,  t h e  togg le  valve was closed;  and t h e  increment 
i n  e l eva t ion  angle  about t h e  t runnion a x i s  was read on t h e  t a b l e  s c a l e .  
A second toggle  valve then  was opened t o  t h e  opposing to rque r ,  and t h e  
procedure was repeated i n  t h e  opposi te  d i r e c t i o n  of t a b l e  e leva t ion .  
Following t h e  r e p e t i t i o n  of  t h i s  procedure through a range o f  2 .5  t o  30 p i g  
by 2.5 p s i g  increnlents, t h e  t a b l e  was ro t a t ed  90 degrees about t h e  t a b l e  
a x i s ;  and t h e  remaining two torquers  were ca l ib ra t ed  by t h e  same method. 

A s  t h e  torquer  

After  a pre- 

As shown i n  Figures 1 2  and 13, t h e  precess ion  r a t e  va r i e s  approxi- 
mately l i n e a r l y  with appl ied pressure ,  while comparison between t h e s e  
f igu res  shows t h a t  t h e  precession r a t e  a t  a given appl ied pressure  va r i e s  
inverse ly  with r o t o r  speed. 
Torquer No. 2 i n  S e r i a l  No. 1, which exh ib i t s  a s c a l e  f a c t o r  80 percent  
of t h e  mean) can be determined from t h e  t es t  data by t h e  following 
expression. 

The mean torquer  s c a l e  f a c t o r  (d is regard ing  

Precession Rate/Pressure K 
Rotor Speed 

- - ( 9 )  

(10) 
Rotor Speed (rpm) Precession Rate (deg/min) K .= 

Pressure  (ps ig )  

Subs t i t u t ing  S e r i a l  No. 1 and S e r i a l  No. 2 data i n  t h i s  expression: 

Serial  No. 1 (Figure 12):  

K =  ( lo4) ( 3 2 . 5 )  = 2.18 x l o 4  deg/min/psig/rpm-' (11) 
(20) 
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Serial  No. 2 (Figure 13): 

2 'o  I O 4 )  ( 3 2 * 6 )  = 2.17 x l o 4  deg/min/psig/rpm-' (12) K =  ( 
( 30) 

It is  apparent t h a t  t h e  mean torquer  scale f a c t o r  i s  t h e  same f o r  t h e  
two gyros, ind ica t ing  t h a t  t h e  torque exerted is independent of speed. 

An a d d i t i o n a l  s e r i e s  of runs,  not  shown, was made i n  which t h e  
torquer  was applied f o r  a p r e s e t  t i m e  ( .5  t o  1 minute) with t h e  t a b l e  
f i x e d  s o  t h a t  t h e  r o t o r  was precessed from i ts  n u l l  posi-tion, and t h e  
change i n  r o t o r  a t t i t u d e  read from t h e  wide angle pickoff  manometers. 
The r e s u l t s  agreed with those  obtained by, t h e  method described above, 
ind ica t ing  t h a t  t h e  mean torquer  s c a l e  f a c t o r  is independent of  rotor-to- 
case angle as well. 

not separately ca l ib ra t ed ,  
The b i a s  torquers  were employed i n  t h e  d r i f t  t e s t i n g ,  but  they were 

D r i f t  Tests  

A l a rge  number of d r i f t  runs were made on t h e  two u n i t s ,  with and 
without b i a s  to rquer  compensation, and with hor izonta l ,  v e r t i c a l ,  and 
polar  o r i e n t a t i o n s  of t h e  s p i n  ax i s .  
precessing t h e  r o t o r  t o  zero t h e  w i d e  angle pickoff  output manometers, 
s t a r t i n g  a stopwatch, and reading t h e  wide  angle pickoff  output manom- 
e t e r s  a t  t h e  end of each t e s t  t i m e  i n t e r v a l  ( t yp ica l ly  one-minute 
in t e rva l s  were used). The d r i f t  data discussed below was taken with t h e  
gyro sp in  ax is  i n i t i a l l y  aligned p a r a l l e l  t o  t h e  s p i n  ax i s  of t h e  ea r th ,  
i n  order t o  e l iminate  t h e  systematic contr ibut ion of ea r th  rate.  

D r i f t  runs were made by i n i t i a l l y  

Since t h i s  is a two-axis gyro, t h e  means of p l o t t i n g  t h e  time his- 
t o ry  of t h e  d r i f t  runs and determining t h e  r e s u l t i n g  d r i f t  r a t e  is subjec t  
t o  some in t e rp re t a t ion .  Typically,  t h e  d r i f t  rate about one a x i s  was less 
than t h a t  about t h e  o ther ,  so t h a t  t h e  most favorable i n t e r p r e t a t i o n  would 
be t o  s e l e c t  t h e  data  from t h e  low d r i f t  ra te  ax i s .  
however, t h e  t o t a l  d r i f t  r a t e  from t h e  i n i t i a l  heading is t h e  s i g n i f i c a n t  
quant i ty  i n  evaluat ion of system performance. 
below, t h e r e f o r e ,  is t h e  t o t a l  d r i f t  r a t e ;  i . e .  , t h e  r e su l t an t  o r  square 
root  of t h e  sum of t h e  squares of t h e  d r i f t  r a t e  about each a x i s .  There- 
f o r e ,  t h e s e  values a r e  a t  each point  a t  least equal t o  t h e  maximum r a t e  
about t h e  worst d r i f t  a x i s .  

In  an appl ica t ion ,  

The d r i f t  r a t e  presented 

It was found t h a t  when properly biased,  both u n i t s  exhibited low 
d r i f t  rates when t h e  r o t o r  was aligned with t h e  s t a t o r ;  but  t h e  d r i f t  ra te  
increased with l a r g e r  rotor- to-s ta tor  angles .  These t rends  are c l ea r ly  
shown by Figures 14  and 1 5  f o r  t h e  Ser ia l  No. 1 gyro, and Figure 17 f o r  
t h e  S e r i a l  No. 2 gyro. These f igu res  show t h a t  b i a s  torquers  can be 
adjusted t o  maintain t h e  mean d r i f t  r a t e  less than  1 degree/hour f o r  
periods of  10  t o  30 minutes, but  t h a t  eventually t h e  r o t o r  angular d i s -  
placement exceeds some threshold value and t h e  d r i f t  ra te  then grows more 
rap id ly .  
gyro, i n  which t h e  displacement never crossed t h i s  threshold and t h e  s p i n  
ax i s  d r i f t ed  randomly near t h e  o r i g i n  f o r  a two-hour period with a maximum 

Figure 1 6  shows t h e  t ime h i s t o r y  of one run on Ser ia l  No. 1 
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d r i f t  ra te  ( taken over five-minute reading i n t e r v a l s )  o f  .36 degree/hour 
following an i n i t i a l  t r a n s i e n t .  
random d r i f t  on t h i s  run was .134 degree/hour after 90 minutes. 
major c h a r a c t e r i s t i c s  o f  t h e s e  runs are presented below i n  Table 2. 

The sample standard dev ia t ion ,  S,  o f  t h e  
The 

TABLE 2 I 
Summary o f  D r i f t  Performance 

S e r i a l  No. 1: Run 9 ( 6  June 1968) 

i n  first 22 minutes 

Sample -standard deviat ion = .7920 degree/hour (maximum) 
Maximum i n s t .  r a t e  = 1.32 degree/hour 
To ta l  d r i f t  i n  22 minutes = .201 degree 

.201 x 60 = .55 degree/hour Mean d r i f t  rate = 22 

S e r i a l  No. 1: Run 11 ( 6  June 1968) 

i n  first 27 minutes 

Sample standard deviat ion = .9064 degree/hour (maximum) 
Maximum i n s t .  r a t e  = 2.04 degree/hour 
T o t a l  d r i f t  i n  27 minutes = .294 degree 

.294 x 60 = .65 degree/hour Mean d r i f t  rate = 27 

S e r i a l  No. 1: Run 3 ( 7  June 1968) 

over 2-hour period 

Sample standard deviat ion = .367 degree/hour (about value after 
first 5 minutes , max imum) . 

Maximum i n s t .  rate = 2.68 degree/hour (.36 degree/hour 
i f  el iminate  first 5 minutes). 

T o t a l  d r i f t  i n  2 hours = .172 degree ( . 051  degree from off-  
se t  af ter  5 minutes). 

Mean d r i f t  ra te  = .086 degree/hour ( ,026 degree/hour 
from o f f s e t  af ter  5 minutes). 

S e r i a l  No. 2: Run 7 ( 2 1  May 1968) 

i n  first 1 4  minutes 

Sample standard deviat ion = .442 degree/hour (maximum) 
Maximum i n s t .  rate = .633 degree/hour 
T o t a l  d r i f t  i n  14 minutes = .080 degree 

.080 x 60 = .34 degree/hour Mean d r i f t  ra te  = 14 
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DISCUSSION OF TEST RESULTS 

The purpose of t h e  t es t  phase of t h i s  program was t o  determine t h e  
func t iona l  c h a r a c t e r i s t i c s  of t h e  gyroscope and t o  evaluate  t h e  a c t u a l  
performance vis-a-vis t h e  goals l i s t ed  i n  t h e  work statement.  
funct ional  c h a r a c t e r i s t i c s  a r e  described by t h e  test  r e s u l t s  of t h e  pre- 
ceding sec t ion .  
t h e  work statement goals and t h e  gyro performance a s  shown by tes t  
r e s u l t s .  
d iscussion of t h e  corresponding t e s t  data. 

The 

This s e c t i o n  presents  an item-by-item comparison between 

Each of t h e  performance goals is  l i s ted  below, followed by a 

"0.5 t o  1 Degree/Hour D r i f t "  

The data  shown i n  Figures 14 through 1 7 ,  and Table 2, demonstrates 
t h e  a b i l i t y  of t h e  RGG-5A Gyro t o  maintain its i n i t i a l  he'ading with a 
mean d r i f t  r a t e  of  .35 t o  .65 degree/hour over a 14 t o  27 minute per iod.  
Consideration should be given t o  t h e  increase i n  d r i f t  ra te  ( t o  as much 
as 1 degree/minute) with increasing rotor-to-case angular deviat ion.  The 
implicat ion of  t h i s  performance c h a r a c t e r i s t i c  is t h a t  vehic le  point ing 
accuracy i n  t h e  0 . 1  t o  1 . 0  degree/hour d r i f t  range can be achieved with 
t h e  present  performance of t h e  RGG-5A Gyro i f  t h e  rotor-to-case angular 
def lec t ion  remains small. 
space probe requirements i n  which wide angle ,  low d r i f t  performance is 
important, it should prove adequate f o r  o ther  appl ica t ions .  

Although t h i s  performance does not s a t i s f y  

"Plus o r  Minus 15 Degree Operating 
Angular FreedomyT 

The layout of t h e  gyro provides a t o t a l  angular freedom of f 1 7  
degrees. 
operation t o  f 14 degrees about both input-output axes .  
of t h e  d r i f t  data (Figures 14,  15 ,  and 1 7 ) ,  however, shows t h a t  t h e  opera- 
t i o n a l  u t i l i z a t i o n  of t h e  f 1 5  degree angular freedom provided imposes a 
s i g n i f i c a n t  penalty i n  d r i f t  rate on t h e  gyro. 

The pickoff c a l i b r a t i o n s ,  Figures 9 and 10 ,  demonstrated t h e i r  
An examination 

The stator-centered d r i f t  exhibited by t h e  ro tor -s ta tor  assembly 
outs ide t h e  case,  as described e a r l i e r ,  is thought t o  be a major con- 
t r i b u t i o n  t o  t h i s  off-axis increase i n  d r i f t  rate. 
t h e  ro tor -s ta tor  assembly i n  t h e  course of s ta t ic-balancing t h e  r o t o r  
showed t h e  magnitude of t h e  stator-centered d r i f t  t o  be unaffected by 
r o t o r  speed, but  evinced a s e n s i t i v i t y  t o  r o t o r  angle i n  both magnitude 
and d i r e c t i o n  of d r i f t .  The former observation ind ica t e s  t h a t  t h e  d r i f t  
inducing torque increases  proport ionately with speed, suggesting a 
viscous shear  mechanism such as t h e  so-called t u r b i n e  torques induced by 
flow unbalances o r  geometric imperfections i n  t h e  gas bearing. Although 
t h e  jewel primary r e s t r i c t i o n s  i n  t h e  gas bearing were matched on t h e  
b a s i s  of flow checks p r i o r  t o  assembly i n  t h e  s t a t o r ,  pos t  assembly flow 
checks showed about a f 10  percent v a r i a t i o n  i n  flow from r e s t r i c t o r  t o  

Qual i ta t ive  tests on 
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t o  r e s t r i c t o r  i n  t h e  s t a t o r .  
processing t o  which t h e  r o t o r s  were subjected during nickel-plat ing 
prepara t ion  by an ou t s ide  vendor removed ma te r i a l  unevenly from t h e  
bear ing su r face  of t h e  r o t o r ,  a l t e r i n g  its as-lapped dimensional geometry. 

Due t o  program t i m e  l i m i t a t i o n s ,  t hese  devia t ions  from ideal  were 

I n  add i t ion ,  t h e r e  was some evidence t h a t  

accepted bu t  were probably t h e  cause o f  a t  least a s i g n i f i c a n t  po r t ion  of 
t h e  observed off-axis  d r i f t .  The author  p lans  f u r t h e r  i nves t iga t ion  o f  
the causes of and remedies f o r  t h e  off-axis  d r i f t  following t h e  conclu- 
s i o n  of t h i s  program. 

"Erect ion Alignment Capabi l i ty  
of 2 t o  3 Arc-Minutes" 

The RGG-5 Gyro has no mechanical caging mechanism. I n i t i a l  erec- 
t i o n  of t h e  r o t o r  is intended t o  be accomplished by means o f  a high-gain 
ex te rna l  f l u i d i c  con t ro l  loop which, when ac t iva t ed ,  ampl i f ies  t h e  e r r o r  
s i g n a l s  from t h e  p i ckof f s  and app l i e s  corresponding pressure  s i g n a l s  t o  
t h e  to rque r s ,  precessing t h e  r o t o r  t o  t h e  erected pos i t i on .  
t i o n  alignment capab i l i t y  by t h i s  means depends on t h e  threshold and gain 
of t h e  f l u i d i c  ampl i f ie r ,  t h e  ga in  and s igna l /noise  r e so lu t ion  o f  t h e  
p i ckof f ,  and t h e  d is turbance  torque l e v e l  of t h e  r o t o r  as measured by 
t h e  torquer  pressure  required t o  overcome t h e  ve loc i ty  induced by t h e  
dis turbance.  
quotes values  o f  gain = 2000 and threshold = 10-4 t o  
product.  
6.7 x 10-4 psid/arc-minute f o r  t h e  wide  angle  p i ekof f s ,  and 2.9 psid/  
degree o r  4.8 x 10-2 psid/arc-minute f o r  t h e  f i n e  p i ckof f s .  
t i o n  of t h e  w i d e  angle  p i ckof f s  was found t o  be a t  least  equal t o  t h e  
smallest reading on t h e  instrumentat ion used, .01  inch of  water o r  
4 x 10-4 ps id .  The r e so lu t ion  of t h e  f i n e  p ickoff  was not determined. 
The to rque r  gains a t  20,000 rpm were approximately 1 degree/minute p e r  
p s i g  o r  60 degrees/hour p e r  p s i g ,  while t h e  d is turbance  d r i f t  ra te  t o  be 
overcome was 1 degree/hour o r  less i n  t h e  v i c i n i t y  of  t h e  e rec t ion  
pos i t i on .  

The erec- 

A prominent manufacturer of f l u e r i c  opera t iona l  ampl i f ie rs  
p s i d ,  f o r  h i s  

The t e s t  data shows gains  of  about .040 psid/degree o r  

The resolu- 

The e rec t ion  alignment capab i l i t y  of a propor t iona l  con t ro l  loop 
with t h e  above component gains and thresholds  can now be evaluated.  
to rquer  input  required t o  o f f s e t  t h e  d r i f t  to rque  a t  n u l l  is  approximately 

The 

1 . 7  x p s i g  (' d e g / h p O  d e d h r )  The ampl i f i e r  gain required t o  
PS 1 E  - -  

provide t h i s  t o rque r  pressure ,  with a p o s i t i o n  e r r o r  of 1 arc-minute pro- 
viding a wide  angle  pickoff  output pressure  s i g n a l  of 6.7 x 10-4 ps id ,  is 

25 (1*7 This value of  ampl i f ie r  gain is 

f a r  lower than  t h a t  achievable  by t h e  opera t iona l  ampl i f ie r ,  while t h e  
assumed p ickoff  pressure  s i g n a l  is l a r g e r  than  t h e  threshold  values of  
both t h e  p ickoff  and t h e  ampl i f i e r .  
c a p a b i l i t y  of less than  2-3 arc-minutes has been demonstrated. 
t h a t  use of  t h e  f i n e  pickoff  could provide improved accuracy of  alignment, 
i f  des i r ed .  

\ 

psig/6.7 10-4 psid).  

Consequently, an e rec t ion  alignment 
Note 
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"Spin-up and Alignment Time 
of 5 t o  10 Minutes" 

The time h i s t o r y  of gyro s tar t -up given i n  Figure 8 shows t h a t  
spin-up t o  terminal  speed of j u s t  over 20,000 rpm and manual alignment 
took p lace  i n  5-1/2 minutes. Other runs have shown t h a t  even s h o r t e r  
spin-up times can be obtained by exceeding t h e  s teady-state  s p i n  pressure 
u n t i l  terminal  speed is reached, and then c u t t i n g  s p i n  pressure back. 
This performance goal was m e t .  

"Maximum Precession Capabili ty of Torquer , 
30 Degrees/Minute" 

A s  shown i n  Figures 1 2  and 13 ,  t h e  torquers  exhibited a l i n e a r  pre- 

This performance goal 
cession r a t e  vs .  pressure c h a r a c t e r i s t i c  with a maximum value of pre- 
cession rate of 32.5 degrees/minute demonstrated. 
was m e t .  

CONCLUSIONS 

The design and construct ion of a wide angle,  all-pneumatic, free 
gyroscope was successful ly  car r ied  out ;  and its novel features, as w e l l  
as its performance as an i n e r t i a l  instrument were expeyimentally demon- 
strated.  The two-axis, wide angle f l u i d i c  pickoff  exhibited a l i n e a r  
c h a r a c t e r i s t i c  with a gain of ,038 t o  .046 psig/degree a t  a supply 
pressure of 1 psg out  t o  k 10  degrees and excel lent  reso lu t ion  out t o  
f 14 degrees ( t h e  l i m i t  of t e s t i n g )  with a reduced gain.  
a l s o  exhibited l i n e a r  behavior with a s c a l e  f a c t o r  of 2.18 x l o4  degrees/ 
minute/psig/rpm-1 , and a precession capabi l i ty  of 30 degrees/minute. The 
w i d e  angle r o t o r  support  gas bearing demonstrated its a b i l i t y  t o  allow 
r o t o r  angular t rave l  o f f  14 degrees about both axes,  with an untested 
design margin of 3 degrees provided above t h i s  value.  Mean gyro d r i f t  
rates between .35 and .65 degrees/hour were demonstrated f o r  small r o t o r  
angular deviat ions from n u l l ,  although t h e  d r i f t  rate increased mater- 
i a l l y  a t  l a r g e r  r o t o r  angular deviat ions,  

The torquers  

RECOMMENDATIONS FOR FURTHER WORK 

The construct ion of t h e  RGG-5A all-pneumatic, free gyroscope is a 
s i g n i f i c a n t  milestone on t h e  road t o  t h e  u t i l i z a t i o n  of f l u i d i c  i n e r t i a l  
systems i n  opera t iona l  vehicles .  Depending on t h e  p o t e n t i a l  appl ica t ion  
considered, however, a number of tasks remain t o  be accomplished. These 
tasks f a l l  i n t o  two categories:  improvement of s p e c i f i c  aspects  of gyro 
design, and r e s o l u t i o n  o r  s o l u t i o n  of appl ica t ion  f ac to r s .  
examples of each are l i s t e d  as follows. 

Several  
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1. 

2. 

3. 

4. 

5 .  

6 .  

Provis ion of  f l u i d i c  speed cont ro l  o r  compensation means on 
t h e  gyro t o  allow p r e c i s e  torque-precession rate r e l a t i o n  t o  
be held.  

Design and implementation of ex terna l  f l u i d i c  closed-loop 
system t o  provide i n i t i a l  e r e c t i o n  means and t o  allow closed- 
loop t e s t i n g  and operat ing modes. 

Modification of RGG-5A c i r c u i t r y  t o  allow operat ion on s i n g l e  
regulated pressure  input as opposed t o  ind iv idua l  pressure  
regula tors  present ly  required.  

Continued e f f o r t  t o  improve d r i f t  performance, p a r t i c u l a r l y  
i n  t h e  area of l a r g e  r o t o r  angular deviat ions from n u l l .  

Perform standard performance tests f o r  i n e r t i a l  grade gyros 
on modified u n i t s .  

Study of t h e  i n t e r f a c i n g  between t h e  f l u i d i c  gyro and t h e  
remainder of t h e  vehic le  f l i g h t  cont ro l  system. 

Western Development Center, 
Conductron Corporation, 

Northridge, Cal i fornia  - July 8 ,  1968 
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